Abstract. Caenorhabditis elegans unc-44 mutations result in aberrant axon guidance and fasciculation with inappropriate partners. The unc-44 gene was cloned by transposon tagging, and verified by genetic and molecular analyses of six transposon-induced alleles and their revertants. Nucleotide sequence analyses demonstrated that unc-44 encodes a series of putative ankyrin-related proteins, including AO49 ankyrin (1815 aa, 198.8 kD), AO66 ankyrin (1867 aa, 204 kD), and AOI3 ankyrin (x<4700 aa, ~<517 kD). In addition to the major set of •6 kb alternatively spliced transcripts, minor transcripts were observed at -,3, 5, 7, and 14 kb. Evidence is provided that mutations in the *14-kb AO13 ankyrin transcript are responsible for the neuronal defects. These molecular studies provide the first evidence that ankyrin-related molecules are required for axonal guidance.
The discovery that the C. elegans unc-6 gene encodes a laminin B chain-related product provided evidence that directed axonal outgrowth and cell migration require interactions with the extracellular matrix (Hedgecock et al., 1990) , and that these interactions use laminin or related proteins in both invertebrates and vertebrates (Jessell, 1988; Sanes, 1989; Hedgecock et al., 1990; Serafini et al., 1994) . The product of the unc-5 gene, which affects dorsalward cell migrations and axon outgrowth, has been proposed to be a cell surface protein which may interact with the extracellular matrix (Leung-Hagesteijn et al., 1992) . Thus, it was likely that other mutations affecting axonal outgrowth and guidance were defects in cytoskeletal or extracellular matrix structures. The actin/a-actinin framework of growth cone filopodia or the spectrin/ankyrin network underlying the cytoplasmic surface of the plasma membrane could be the targets for mutations affecting axon outgrowth and growth cone adhesion. In this study, we have discovered that the wild-type unc-44 gene, which is required for proper axonal guidance, encodes a series of putative ankyrin-related proteins.
Ankyrin (or bands 2.1 and 2.2) has been most thoroughly studied in erythrocyte "ghosts" (for reviews see Lazarides and Woods, 1989; Bennett, 1990; Bennett, 1992; Michaely and Bennett, 1992; Lambert and Bennett, 1993; Peters and Lux, 1993) . In erythrocytes, ankyrin monomers anchor the spectrin network to the transmembrane anion exchanger (AE1 or band 3). The AEl-binding domain can also bind to tubulin, microtubules, and intermediate filaments (Georgatos et al., 1987) . Ankyrin is composed of three domains: (/) a membrane protein-binding domain containing 23
Ank,/~ Repeats ~v,~'~'~'te I lJl~""llf~lJlll,~lllr l ,~33-amino acid repeats (ankyrin repeats), (2) a spectrinbinding domain, and (3) a regulatory domain (Wallin et al., 1984; Hail and Bennett, 1987; Davis and Bennett, 1990; Lambert et al., 1990; Lux et al., 1990) . In this report, the sequence heterogeneity between the vertebrate ankyrins and the unc-44 products defines an additional "linker" domain between the ankyrin repeat and spectrin-binding domains (see Fig. 1 a; see also Plattet al., 1993) . Ankyrin is found in a number of tissues, including the brain (Drenckhahn and Bennett, 1987) . Molecular analysis of human brain ankyrin cDNA clones reveals several alternatively spliced RNAs . The predicted products of two of the RNAs are brain ankyrin 2 (202 kD) with a gross structural similarity to erythrocyte ankyrin, and brain ankyrin 1 ("~440 kD) which contains the typical ankyrin repeat, linker, and spectrin-binding domains, but has an extensive carboxyl-terminal domain Chan et al., 1993) . Brain and erythrocyte ankyrins bind to distinct sites on kidney membranes, suggesting different transmembrane protein targets for the different ankyrins (Davis et al., 1989) . Recently, it was demonstrated that ankyrin binds a protein related to the neurofascin cell adhesion molecule in the rat brain (Davis et al., 1993) . Thus, ankyrin may interact with other proteins, including cell surface receptors, localizing them on the cell surface.
A minor form of ankyrin (band 2.2), which results from an alternative splicing event that removes a 16-kD polypeptide region from within the regulatory domain, is permanently "activated" to allow enhanced binding to membraneassociated sites (Hall and Bennett, 1987; Davis et al., 1992) . In addition, calpain proteolysis of the AEl-binding domain decreases ankyrin binding to AE1 (Hall and Bennett, 1987) . Altering the binding affinity of ankyrin for its substrates may allow cytoskeletal remodeling during cell growth and locomotion (Hall and Bennett, 1987) .
In previous studies, unc-44 mutations were isolated in a high level transposition background in order to tag the gene Figure 1 . (a) The proposed structures of ankyrin-related proteins. Multiple proposed forms of human erythrocyte ankyrin (Lambert et al., 1990; Lux et al., 1990) , human brain ankyrin 2, a partial structure of brain ankyrin 1 , and partial structures of the putative nematode unc-44 ankyrin-related products are shown. Brain ankyrins 1 and 2 contain different carboxyl termini produced by alternative splicing at aa position 1444 . In brain ankyrin 1, alternative splicing results in insertion of 2085 aa, including 15 repeats of a 12-aa sequence, into the carboxyl-terminal domain to produce a 440-kD product , Chan et al., 1993 . For unc-44, the amino acids are numbered from the start of the partial cDNAs, while those expected in the fuU-length protein are noted in parentheses. In the uric-44 products, alternative splicing modifies the carboxyl terminus (at cDNA aa positions 983 and 910) in a manner similar to that found in erythrocyte ankyrin. In the linker domain, between the ankyrin repeats and the spectrin-binding domain, the DIM/PAO49 product contains a 6-aa alternatively spliced microexon relative to DD #PAO66. An inversion of the nucleic acid sequence (boxed arrow) occurs in the linker domain in the DD#AO66 cDNA clone. The ankyrin repeat domains shown as dashed lines are those expected on the basis of Northern blot analysis. (b) Map of the unc-44 region. The positions and extents of the cosmid (BO350 and C44A), phage (DD#LRFI), genomic plasmid subclones (DD#PRF6, DD #PRF7, DD#PPB40, and DD#PSLRS), and cDNA clones (DD#PAO 13, DD#PAO49, and DD#PAO66) are displayed. The positions of unc-44 mutations are shown above the genomic map. The ankyrin domains present on the ll-kb BamHI fragment in DD #PPB40 are shown along with the exon map (filled block.s) above the genomic map. Relevant restriction sites for BamHI (B) and SalI (S) are noted. The dashed lines extending from the cDNA clones estimate the full extent of the RNAs as determined by Northern blot analysis. The cDNA clones were obtained by screening cDNA libraries with probes corresponding to DD#PPB40 (11 kb) and DD#PSLR8 (3.7 kb). The dashed lines extending from cosmid clone C44A represent the uncertainty of nematode DNA junctions in the clone. (c) The genomic organization of the 11-kb BamHI fragment. The 1 l-kb region from DD#PPB40 was sequenced by the exonuclease RI deletion method using the subelones DD#PRF6 and DD#PRF7. The exons are represented by boxes and the introns by a line. The ankyrin repeats subdivide the boxes and the strong spectrin-binding domain similarity is shown in black. The primed numbers represent breaks within the individual ankyrin repeats.
with transposons (Otsuka et al., 1987) . In this paper, we report the molecular cloning and characterization of the unc-44 gene. The DNA sequence analysis, Southern and Northern blot analysis, and genetic complementation tests demonstrate that the unc-44 gene has been cloned. Analysis of six spontaneous uric-44 alleles ascertained that all were due to DNA insertions (see Fig. 1 b) . Reversions of these six alleles result in in-frame deletions of the transposons or secondary insertions of transposons at RNA splicing junctions.
The composite structures of the unc-44 ankyrins have been obtained from a combination of cloned genomic and cDNA sequences. These studies demonstrate that alternative splicing produces several transcripts from a single ankyrinrelated gene. There is a major set of 6 kb transcripts and several minor transcripts. Paralleling the human ANK2 gene, unc-44 encodes "conventional" ankyrin isoforms (AO49 and AO66 ankyrins) with gross similarities to erythrocyte ankyrin and brain ankyrin 2, as well as a much larger form of ankyrin (AO13 ankyrin). Although AO13 ankyrin is predicted to be similar in size to vertebrate brain ankyrin 1, its carboxyl-terminal domain sequence is highly acidic and distinct from that reported from brain ankyrin 1 (Chan et al., 1993) .
Materials and Methods

Cloned DNAs and Nematode Strains
Nematode strains and recombinant DNA clones are listed in Table I . The insertion mutations define a single complementation group because they fail to complement in all combinations tested, i.e., the rhlOl3 allele failed to complement both q331 and rh1042 mutations, while the q331 allele failed to complement the rh1042 allele.
Preparation of DNA
Nematodes were cultured and DNA prepared as described previously (Brenner, 1974; Sulston and Brenner, 1974) . Plasmid and phage DNAs were prepared by standard methods (Maniatis et al., 1982) .
Southern Blot Hybridization
3 ttg of each restriction enzyme-digested DNA were fractionated on Trisborate 0.7 % agarose gels containing ethidium bromide, and Southern blots were prepared (Maniatis et al., 1982) . After prehybridizing the nitrocellulose filters (Schleicher and Schuell, Inc., Keene, NH), the hybridization was performed in 6 x S SC, 0.01 M EDTA, 5 x Denhardt's solution, 0.5 % SDS, 100/~g of denatured herring sperm DNA/ml, and 1 ttg 32p-labeled probe (107 cpm//~g), for 12-16 h at 68°C. The blots were washed extensively in 2 x SSC and 0.5 % SDS at 68°C. The Tel probe was the plasmid pCe2003 (Emmons and Yesner, 1984) .
Northern Blot Analysis
RNA was prepared from a mixed-stage population of N2 worms by French pressure cell disruption, lysis with a Polytron homogenizer, or grinding in liquid nitrogen in the presence of guanidinium chloride, followed by selective ethanol precipitation (MacI.ex~ et al., 1981) . Messenger RNA was purified on an oligodeoxythymidylic acid-cellulose column (Aviv and Leder, 1972) . 5 #g of poly A selected or 20 #g of total nematode RNA were separated on denaturing formaldehyde agarose gels (Lehrach et al., 1977) and analyzed by Northern blot hybridization using Zetaprobe charged nylon membranes (BioRad Laboratories, Richmond, CA) and [u.32p] UTP-labeled riboprobes (5 × 107 cpm, 200 Ci/mmol of nucleotide) transcribed from eDNA clones (DD#PAO13, DD#PAO49, and DD#PAO66) or ankyrin repeat (DD#PLTI840) plasmids using a T3/T7 RNA polymerase transcription kit (Stratagene, Inc., La Julia, CA). The hybridization conditions (manufacturer recommended buffer including 5× SSC, 42°C) and washing conditions (0.1× SSC plus 0.1% SDS, 68°C) were those recommended by Stratagene.
Screening Clone Banks
Six genomic clones were obtained from a phage bank probed by standard methods (Maniatis et al., 1982) . Five independent eDNA clones were obtained from ",,1.4 million phage of the Barstead-Waterston bank without additional amplification (Barstead and Waterston, 1989) .
DNA Sequencing and Computer Analysis
DNA was subcloned into pTZ18R, pTZ19R (Pharmacia LKB Biotechnology, Piscataway, NJ), or pBhlescript SK(-) (Stratagene) and sequenced by the dideoxynucleotide method (Sanger et al., 1977) . Appropriate subclones were obtained by using suitable restriction fragments or by the exonuclease III deletion method (Henikoff, 1984) . DNA sequence was obtained from both DNA strands except in some of the introns. Sequences determined from a single strand were done at least four times. Additional analysis was done using the Pustell and MacVector DNA Sequence Analysis Programs (Eastman Kodak Co., New Haven, CT) and our own programs.
Results
Cloning the unc-44 Gene
To identify a restriction fragment length polymorphism associated with the unc-44 gene, a set of recombinants was constructed in the unc-44 region ( Fig. 2 , lane 1. However, wild-type DNA did contain an 11-kb fragment when probed with an unc-44-specific probe (data not shown). In the rh1042 revertant, the characteristic 12.6-kb mutant fragment is missing and is replaced by a 14.2-kb fragment (Fig. 2, lane 3) , due to the insertion of a second Tc/element. Reversion of transposon-induced mutations by insertion of additional transposons has been described previously (Mount et al., 1988) .
EcoRI-cleaved rh1042 DNA fragments in the 12.6-kb size range were cloned into the EMBL3 bacteriophage lambda vector, and the resulting library was screened with a Tc/ probe to yield clone DD#LRF7 (Table I ). The region flanking the Tc/element was subcloned into a plasmid vector and used to screen a wild-type nematode genomic library in EMBL3. Six unc-44 clones were obtained (Table I ) and used to identify cosmid clones (Table I and Fig. 1 b) .
Southern Blot Analysis of unc-44 DNA Insertion Mutations
To unambiguously demonstrate that the unc-44 gene had been cloned, six putative transposon-induced mutations and their revertants (Table I) were analyzed by Southern blot hybridization with unc-44-specific probes and the results are summarized in Fig. 1 b. By Southern analysis with BamHI, EcoRI, PstI, or SalI, and by polymerase chain reaction amplification, the q331 and rh1013 mutations were found to be Tc/insertions toward the 5'-end of the gene, and their reverrants were Tc/ excisions which restore the unc-44 reading frame. The rh1042, mn259, mn339, and st200 mutations were DNA insertions toward the 3'-end of the gene. The rh1042 allele is a Ted insertion within the DD#PAO13 open reading frame. The six insertion mutations and their inframe excision in mn259, q331, and rh1013 revertants provide proof that the unc-44 gene has been cloned. The revertants of rh1042 and st200 are secondary Ted insertions at RNA splicing junctions and presumably restore gene activity by altering RNA splicing.
Cloning of cDNAs
To clone cDNAs corresponding to the regions surrounding the unc-44 DNA insertions, two genomic DNA fragments were used to probe nematode eDNA libraries: (/) the ll-kb genomic BamHI fragment flanking the Ted insertions in q331 Table 1 . Nematode Strains and Cloned DNAs and rh1013 toward the 5'-end of the gene (corresponding to clone DD#PPB40 in Fig. 1 b) , and (2) the 3.7-kb SalI fragment flanking the Ted insertion in rh1042 toward the Y-end of the gene (corresponding to DD#PSLR8 in Fig. 1 b) . DNA sequencing was performed on two clones, DD#PAO49 and DD#PAO66, obtained with the 11-kb probe, and one (DD #PAO13) of the three independent clones with identical restriction patterns obtained with the 3.7-kb probe.
The Ankyrin Repeats Are Grouped into Six Clusters
The overall structure of the AO49 and AO66 ankyrin isoforms (Fig. 3) 
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clones (DD#PAO49 and DD#PAO66) ( Fig. 1 b) . The carboxyl-terminal end of the large ankyrin isoform was obtained from eDNA clone DD#PAO13 ( Fig. 1 b) . The ankyrin repeat, spectrin binding, and most of the conventional regulatory domains are arranged in 12 exons on clone DD#PPIM0 (Figs. 1 c and 4). The 23 ankyrin repeats are grouped into six exons containing essentially 1, 5, 8½, 6, 1½, and 1 repeats (Figs. 1 c and 4). Introns cleanly separate exons that encode the first ankyrin repeat and the last ankyrin repeat, as is the case in vertebrate ankyrin (Tse, 1990) . The clustering of repeat elements and the bifurcation of individual repeats is in contrast to the large number of single ankyrin repeat exons in the human ANK/ gene (Tse, 1990) .
Each individual repeat is more closely related to the corresponding repeat from other organisms than to the other nematode repeats (Fig. 5 ). The conservation of individual repeat sequences in organisms as divergent as humans and nematodes suggests a functional or structural role for each repeat. With the exception of a 7-aa insertion in repeat 5 of human brain ankyrin, the lengths of the corresponding nematode, mouse erythrocyte, human erythrocyte, and brain ankyrin repeats are identical. The constancy of the individual repeat lengths suggests stringent limits on the threedimensional structure. The 7-aa insertion in the human brain ankyrin repeat 5 is not present in the unc-44 genomic DNA, and therefore could not be obtained by simple alternative RNA splicing in the nematode. Repeats 2 through 6 and 8 through 12 contain the greatest number of identical residues (18 or more). There is 52% identity (396 of 755 residues) in the ankyrin repeat domains of the various ankyrins. The unc-44 ankyrin repeat domain is more closely related to brain ankyrin (13 % or 96 brain-specific residues, noted by asterisks in Fig. 5 ) than to erythrocyte ankyrin (5 % or 39 erythrocyte-specific residues, noted by equal signs in Fig. 5) . A number of residues are unique to the vertebrate ankyrin (13 % or 101 residues, noted by periods in Fig. 5 ). The UNC-44 amino-terminal domain preceding the ankyrin repeats is also more similar in size and sequence to human brain ankyrin than to erythrocyte ankyrin (Fig. 5) . These results suggest that the unc-44 products are more closely related to the vertebrate brain ankyrin than to erythrocyte ankyrin. 
unc-44 cDNA Fragments Encode Spectrin-binding and Regulatory Domains
DNA sequence analysis of DD#PAO49 and DD#PAO66 partial eDNA clones reveals linker, spectrin-binding, and regulatory domains (Fig. 6 ). The eDNA sequences are essentially identical in the central coding region with divergence at the 5' and 3' ends. The predicted protein fragments are hydrophilic and contain dispersed cysteine and proline residues. The open reading frame of DD#PAO49 includes a 6-aa alternatively spliced microexon adjacent to the strong spectrin-binding domain sequence similarity (Fig. 6) . The divergence at the 5' end of the DD#PAO66 eDNA is due to an inversion which is not detectable in the genome. The divergence at the 3' end is due to alternative splicing, and leads to predicted full-length isoforms of 1815 aa (AO49 ankyrin, 198.8 kD) and 1867 aa (AO66 ankyrin, 204 kD) (Figs. 3 and 6 ). The linker domain in C. elegans is larger (187 aa) than in human erythrocyte (113 aa) or brain (141 aa) ankyrins (Fig.  5) . The linker domain contains the acidic portion of the spectrin-binding domain as defined by Davis and Bennett (1990) , but has been separated in this report because the nematode sequence has considerably diverged from it, and 1 GGATCCCCCCTT¢C~,TAO/~ATUGG4d~CAC-AaC, C~CCCAACGASCTCCS Sa~C, GGCGTC~TTTT~A/t~CCCrAA~rTCTCCTC~AATTA rCCAcr^rr~c~Tomrrao~m¢crzc.c,~cccrccr^ccccrrcrcccc l~* CAACGCCO~rAC^CACTrC-CCATTU~}T/~C, AhCCm~h~,~¢~ ~uu~r.c'~crTrrr~cr^trrTrcl~rC~¢TCrC^TC^ CGTCT~T^CreTerCArCC.CCTCrC--TCCXCrCT^TrCCrCrrGCrCCG 301 AGAGCTCC~A~TCCTCTCCCGTCC.AI~d~.~CCA/~IGGTTGCGGTT C, GTT~GmT, CAAIO~GGGGTC,.W~ACAJ~TTTt;1TGATTTGI~T^T~TCI TGT~CTCCCTC~TUCrcrcCCTTTXC~"rc~c~ ibi GGA.*J~AGC,$*GCA$*GTGASGCTCATTCGTATTT~.~GAM*.AC,~VV~*G AC.CACATTT~CTTCCr~XXrTrrTC/tCTTTCCITTYrr/*TGTCCTIYITC TTCCAt}TACTII'GTTTCyA~XI~C,.~^CACGAa~CCACCTAGTCCTCT 60~ ^c^rCTC^T¢*TTTTTm~C, CrTCC~TCCC'TTTTTTTCCCCCTC~AOA GerT~TC, C~T^Tt,~ATC, crcrT~TTT'mTC-~rrr~TAC, AACrTT^T ~c, cCrrTCC~rrAArroc'ir^TCC~CC~rTTTCr~Amrxxz ~1
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Searches of the intron sequences for vertebrate-like sequences failed to reveal cryptic exons.
A 47 % protein sequence identity (198 residues) was found between brain, erythrocyte, and nematode ankyrins in the Figure 5 . Comparison of the ankyrin repeat, linker, and spectrin-binding domains. The ankyrin repeat, linker, and spectrin-binding domains of nematode (n), mouse erythrocyte (mr) , human RBC (hr) (Lambert et al., 1990; Lux et al., 1990) , and human brain (hb) are compared. Identical residues are shown as inverse text. The consensus (c) sequence is shown below the various ankyrin sequences with brain-specific (*), erythrocyte-specific (=), and vertebrate-specific (.) residues noted. Ankyrin repeat numbers are listed at the left and the positions of introns in the nematode ankyrin are shown by the vertical arrows.
424-aa region of greatest spectrin-binding domain similarity (Fig. 5) . The spectrin-binding domain similarity is intermediate between vertebrate brain and erythrocyte isoforms, suggesting that a single nematode gene may substitute for the multiple ankyrin genes in vertebrates. As with the ankyrin repeat domain, the spectdn-binding domain contains more brain-specific residues (12% or 50 residues) than erythrocyte-specific sequences (6% or 24 residues), and 18% (75 
DNA Sequence Analysis of the AOI3 Ankyrin Carboxyl Terminus
The DNA sequence of DD#PAO13 reveals a potential protein fragment that is quite different from that putatively encoded by the 6-kb transcripts (Fig. 8) ter of the deduced protein fragment, the most notable feature is a repeat of the sequence S(L/V) (T/S) SL (Q/A) EFERL-EKE in the central portion (repeat A in Fig. 8) . The transposon insertion in the rh1042 allele is located between these repeats (Fig. 8) . A shorter set of repeats containing the sequence TDSL occurs near the carboxyl terminus (repeat B in Fig. 8 ).
In the 3' untranslated region of the cDNA, there are four inverted repeat sequences which may fold into hairpin structures in the mRNA. Three of the structures contain the sequence GCCCCAA in the loop of the hairpin. (Steinert and Roop, 1988) are not obvious in the predicted protein product. The predicted AO13 ankyrin fragment contains a central 612-aa portion that is devoid of cysteine residues. The lack of cysteines (and therefore the possibility of disulfide cross-links in the central region), the hydrophilic character of the protein fragment, and the high predicted u-helical content suggest a filamentous structure. In addition to the acidic charac-
Multiple Transcripts Encode Conventional and Large Ankyrins
Northern blot analysis revealed a major 6-kb band and several minor transcripts, including a '~14-kb transcript (s) . To analyze the transcripts that arise from the 5'-half of the gene, probes from the AO49 spectrin-binding and regulatory domains were used (Fig. 9 a, lanes 1-6) . When blots of wildtype poly A-selected RNA (Fig. 9 a, lane 1 ) or total RNA (Fig. 9 a, lane 2) were probed, a major band at 5.95 + 0.26 kb (n=79) was observed along with several less prevalent bands, including 3.19 + 0.13 kb (n=45), 5.07 5= 0.10 kb (n=20), 6.91 + 0.32 kb (n=32), and 13.86 + 1.25 kb (n=8). Of particular interest is the wild-type ,~14-kb minor transcript, near the limit of detection in Fig. 9 a, lanes 1 and 2, and Fig. 9 b, lanes 1 and 2. As detailed below, the '~14-kb transcript is the only transcript affected by all the insertion mutations, and therefore alterations in this transcript are responsible for the uncoordinated phenotype.
Besides the 5.95-kb, 6.91-kb, and 13.86-kb bands that were present in wild-type RNA, additional bands differing by the 1.6-kb size of Tc/ were detected at 7.64 + 0.28 kb (n=7), 8.55 + 0.10 kb (n=4), and 14.79 5= 0.79 kb (n=9) in rh1013 mutant RNAs (Fig. 9 a, lanes 3 and 4) . It appears that the transposon is transcribed into RNA, and somatic excision of the transposon gives rise to the normal sized RNAs in the mutants (Emmons and Yesner, 1984) . In the rh1042 mutant, the 5.07-, 5.95-, and 6.91-kb transcripts were unaffected by the downstream Tc/element (Fig. 9 a, lanes 5 and 6) . However, as in the rh1013 mutant, the rh1042 mutant RNA revealed the ~14-kb and '~15-kb bands. The '~15-kb band accumulates in the mutants to greater levels than the '~14-kb band, making it more readily detectable.
Transcripts overlapping the 3'-end of the gene were analyzed with DD#PAO13 riboprobe (Fig. 9 a, lanes 7-10) . The '~14-kb transcript was observed in wild-type RNA (Fig. 9 a, lanes 7and 8), and both ,'~14-and '~15-kb bands were found in the rh1013 mutant (Fig. 9 b, lanes 9 and 10) .
The spanning of the entire gene by the ~14-kb RNA was demonstrated by probing blots of total RNA with the ankyrin repeat probe, stripping the blots, and reprobing the same blots with the DD#PAO13 riboprobe. Probing wild-type RNA with an ankyrin repeat probe (Fig. 9 b, lane 1 ) revealed a weakly hybridizing '~14-kb band at exactly the same position as that obtained by reprobing with a DD#PAO13 probe (Fig. 9 b, lane 2) . Further evidence for a transcript that spans the entire gene is provided by analysis of the rh1013 and rh1042 mutant RNAs. Common bands at '~14 and '~15 kb were found in rhlO13 RNA with both probes (Fig. 9 b, lanes i GAA TTT TCT ACT CAA CTC ACA GAT °AT GTC ATT CAA G~A GCT GAA ¢GA GAC GCC ACA 
1654 ACA TCA GTT CAA GAG TTT GAA AGG CTT GAA AAA GAA GTA GGA GCT CUT GGA GAT GGT
1825 AAT CAA TCC °CA CCA GAA GAT GTT AT° AT° CTT TCT GAT ATT ~T GAG GAA TCA GAA 609 3 and 4), and also in rh1042 mutant RNA (Fig. 9 b , lanes 5 and 6). To clearly distinguish the '~14-and '~15-kb RNAs (Fig.   9 b, arrow) , wild-type and mutant RNAs were separated by extensive electrophoresis (Fig. 9 c) . As can be clearly seen, wild-type RNA contains a '~14-kb band (Fig. 9 c, lane 1 ) , while both the '~14-and '~15-kb bands are present in the q331 and rh1013 mutants (Fig. 9 c, lanes 2 and 3) .
Discussion
In this paper, we report the molecular cloning of unc-44, a gene that is required for the correct targeting of axons to appropriate partners, and the identification of the putative gene products as ankyrin-related proteins. Although the presence of ankyrin in the brain has been known for some time (Drenkhahn and , this paper provides the first evidence that ankyrins are required, directly or indirectly, for axonal guidance. The following facts demonstrate that the unc-44 gene has been definitively cIoned. First, six unc-44 mutations are due to DNA insertions. Four alleles (mn259, q331, rhlO13, and rh1042) are Tc/ insertions. The remaining two alleles (mn3~39 and st200) are insertions that are larger than Tc/. Second, four revertants of q331, rhlO13, and mn259 are inframe excisions of Tc/. Because in-frame excisions of Tc/are unusual, these results demonstrate that the restoration of the reading frame is critical for the function of the unc-44 ankyrins. Third, complementation tests show that the DNA insertion mutations define a single complementation group, and that this complementation group corresponds to unc-44. Fourth, Northern blot and cDNA sequence analysis demonstrates that multiple transcripts are generated from uric-44, but that only the ~14-kb transcript(s) is affected by all the insertion alleles tested.
The isolation of several different eDNA clones demonstrated that the uric-44 gene produces several alternatively spliced transcripts, with the most abundant RNA being --6 kb. The ~6-kb RNA is smaller than the major vertebrate erythrocyte mRNAs which range from 6.8 to 9.5 kb (Lambert et al., 1990; Lux et al., 1990). However, the uric-44 conventional ankyrins have smaller regulatory domains than the vertebrate proteins, which might account for part of the difference. The pattern of multiple mRNAs generated from unc-44 (~3, 5, 6, 7, and 14 kb) is similar to the pattern of 4, 7, 9, and 13 kb RNAs from the neuronal ANK-2 gene . The presence of alternatively spliced unc-44 RNAs suggests that the products of this gene may play varied roles in the organism.
From the unc-44 mutant phenotype, the complementation data, the RNA analysis, and the positions of the uric-44 mutations, we propose that the large AO13 ankyrin is required for proper axonal guidance in C. elegans. The lack of cysteines in the central region of the AO13 ankyrin fragment and the predicted highly u-helical character of the domain suggest that the carboxyl-terminal domain has an extended structure. Exact repeats of the sequence EFERLEKE may indicate a functional role for these sequences. This is the first demonstration that ankyrin plays a functional role in neural development. A role for AO13 ankyrin in neural development is reinforced by the finding that the 440-kD ANK-2 product is present in the developing rat brain and is localized to neuronal processes (Kunimoto et al., 1991; Otto ct al., 1991; Chan et al., 1993). Consequently, the predominant 6-kb unc-44 messenger RNAs and the AO49 and AO66 ankyrins may not be critical for axon guidance.
Because the nematode unc-44 ankyrin gene represents an evolutionarily primitive form, the conserved amino acid residues provide a starting point for structure-function analysis by site-directed mutagenesis and DNA transformation. The cloning and partial sequencing of the uric-44 gene provides the foundation for molecular genetic analyses which may reveal specific roles for the various unc-44 products in neurons and other cell types.
